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ABSTRACT 

A computer-controlled gamma scanning system was applied to 

the nondestructive determination of fission products in i r radia ted 

uranium-plutonium carbide and oxide fuel pins. The quantitative de ter ­

minations were made possible by a detailed calibration of the gamma 

scanning system including: measurement of the effective collimating s l i t , 

detector surface response functions, and the development of a computer 

code for simulation of various source geometries . Following the non­

destructive gamma scanning examinations of the i r radiated fuel mate r ia l s , 

the samples were dissolved remotely, and analyzed independently by well-

proven radiochemical methods. The gamma scanning resu l t s differed by 
TOfi lOfi 

an average of 3 . 2% and 3. 7% for three fission products { Ru- Rh, 
Cs , and Ce- Pr ) in three (U, Pu) carbide samples and three 

U 0 2 ~ P u 0 2 samples , respectively. ' These data indicate that precision ")•' 
gamma scanning can be applied to the nondestructive determination of 
fission products in i r radiated (U, Pu) carbide and oxide fuel pins. 

'"performed for the Division of Reactor Research and Development of the 
United States Atomic Energy Commission. 



INTRODUCTION 

Precis ion gamma scanning is a very useful nondestructive technique 

for measuring the relat ive isotopic distributions of activation and fission 

products as a function of precise axial and radial position in i r radiated fuel 

pins . These isotopic distributions provide valuable information required 

for the determination of the migration mechanisms of specific fission 

products , the calculation of the relative burnup profiles, the correlat ion 

of axial and radia l temperature gradients , and the measurement of fuel 
1 2 3 4 

swelling and redistr ibution. ' ' ' 
Recent advances in data interpretation of this nondestructive technique 

now permit quantitative measurements of activation and fission products, 

thereby, adding another important dimension to precision gamma scanning. 

The nondestructive quantitative determination of isotopes in i r radia ted fuel 

pins can provide data for the determination of the absolute m a s s t ransfer 

mechanisms of fission products, the measurement of fast and thermal neutron 

flux components of the irradiat ion exposure, the measurement of burnup and 

burnup profiles, and other important factors concerning the chemical and 

physical charac ter i s t ics of the i r radiated fuel ma te r i a l s . 

There a r e two basic approaches to quantitative gamma scanning: 

the f i rs t approach involves the di rect comparison of i r rad ia ted standards 

and the unknown fuel mate r ia l s , and the second approach involves the extensive 

calibration of the gamma scanning system and the complete characterizat ion 

of the fuel ma te r i a l s . The Los Alamos Scientific Laboratory (LASL) gamma 

scanning facility examines approximately 150 experimental fuel pins annually 

for the Liquid Metal F a s t Breeder Reactor (LMFBR) program represent ing 

many different fuel ma te r i a l s , fuel densit ies, cladding ma te r i a l s , i r radiat ion 

exposures , and decay per iods. Therefore, we selected the second approach 

because of the impossibility of maintaining an adequate inventory of i r rad ia ted 

standards to simulate the large number of experimental fuel pins examined at 

LASL. 

The complete calibration of the LASL gamma scanning system includes: 

the calibration of the scanning mechanism to ensure the prec ise positioning of 

the fuel pin, the experimental measurement of the effective collimating sl i t 

a r e a s , and the determination of the efficiency surface response functions of 
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the detector assembly. These data are combined with the appropriate 

source factors including: subtended solid angle, fuel volume segment, 

fuel and cladding mater ia l s , and other source parameters to obtain the 

total response function for the specific gamma-emitting isotope for each 

fuel pin examined. The total response function relates the number of full-

energy gamma rays absorbed by the detection assembly to the total number 

of fission or activation products present in the volume segment of the 

i r radiated fuel viewed by the detector. 

This unique technique has been applied successfully to the examination 

of i r radiated (U,Pu)C fuel segments for the quantitative measurement _ / 

of 1 0 6 R u - l 0 6 R h , 1 3 7 C s , and 1 4 4 C e - 1 4 4 P r . Also," the method was used to 

determine the quantities of 1 0 6 R u - 1 0 6 Rh, 1 3 7 C s , 1 4 4 C e - 1 4 4 P r , and 9 5 Z r 

in {UO„~Pu02 fuel segments. The (UCL-PuCX, samples were more 

difficult to process because of the significant axial and radia l migration 

of the fission products within the fuel ma t r i ces . 

EXPERIMENTAL 

The LASL gamma scanning system consists of essentially four basic 

segments: the precision scanning mechanism, the gamma-ray beam coll i-

mation assembly, the anticoincidence detector assembly, and the computer-
4 

controlled data acquisition unit (Fig. 1). The scanning mechanism has five 
i 

degrees of motion:- X (left-right), Y (in-out), Z (up-down), tilt , and rotation. 

Each motion i s controlled by precision stepping motors coupled to absolute-

position shaft encoders with binary-coded decimal readout. The precision 

associated with the specific motions a re ±0 . 025 mm for the X, Y, Z , and lilt 

motions, and ± 0 . 035 radians for the rotation motion. The two principal 

motions in quantitative gamma scanning, X and Z, were calibrated to de te r -
60 

mine thei r spatial accuracy using two accurately measured Co sources 
separated by a precisely measured aluminum rod with al l the measurements 

t raceable to length standards of the National Bureau of Standards (NBS). 

The precise calibration of the scanning mechanism w i s one of the~most 

cr i t ical steps because of the requirement of precise measurement of fission 

and activation product distributions axially and radially in the i r radiated 

fuel pin. 

The collimating slit assembly consists of a p r imary collimator \ 

located in the hot cell wall next to the fuel pin and two secondary beam-

scraping coll imators for the precise definition of the 
- 3 -



gamma~ ray beam. The primary collimator is constructed of a high-density • 
tungsten alloy insert surrounded with low-gamrra-activity lead. The tungsten 
alloy has a linear gamma attenuation coefficient 1. 4!i times as large as lead, 
thereby resulting in a better gamma-ray beam defining material. The second­
ary collimators are constructed of lead and are spaced at specified positions 
between the detector and primary collimator to optimize reduction of scat­
tering effects as well as to define precisely the gamma-ray beam striking the 
detector's surface. 

The collimators were inspected using 22 McV x-rays to ensure uni-
5 

formity of material and precision of construction. Following the radiographic 
inspection, the collimators were mechanically inspected to determine possible 
variations in the slit widths within each collimator with a precision of ±0.0005 m 
Once the collimators passed these two examinations, they were placed in the 
collimation assembly. 

The effective collimating slit areas were measured at various positions 
along the principal axis of the gamma-ray beam by using an irradiated fuel 
pin as a high-intensity source to expose x-ray film. The optical densities of 
the resulting images were measured using a precision microphotoroeter and 
the densities were converted to intensities as a function of precise position 
in the X and Z directions. The resulting experimentally measured images 
were compared to the theoretical images obtained from a computer code for 
simulating various collimator arrangements. 

The theoretical and experimental images in the Z-direction (up-down) 
were calculationally simulated using an analytical function consisting of a 
Gaussian term plus a background term by means of a least squares routine. 
The widths of the calculated functions were measured at a standard height, 
M/e, (M ° maximum height of the function and e * base of the Naperian 
logarithms). The calculated widths of the theoretical images at M/e for 
collimators ranging from 0. 508 mm (0.020 in.) to 0.610 mm (0.024 in.) are 
presented in Table I. 

The experimental width of the gamma-ray beam was measured at 
several positions along the beam's path to determine the effective collimating 
slit area. Table II shows the results of three measurements obtained at the 
detector's surface. 



The experimentally determined value of 9. 1G ± 0. 13 mm corresponds to the • 

value obtained from the theoretical slit 0. 559 mm (0. 0220 in . ) of 9.1G4 mm. 

Similar measurements were performed in the X-direction (left-right) resul t -

in" in a theoret ical model of the effective collimating slit a r ea at the detector ' s 

surface. The physical measurement of the collimating sl i t indicated that the 

sl i t was 0.508 mm (0. 0200 in . ) which differed by 0.051 mm (0.0020 in . ) from 

that measured experimentally. The effective slit 0. 559 mm (0.0220 in . ) was 

used for the calculation of the collimating assembly. 

2 
The detector ' s a rea is 127£ mm and the gamma-ray beam a r e a 

i s only 23? Irnm at the detector 's surface, resulting in only 18% of the 

detector ' s surface being exposed to the gamma-ray beam. This i s i l lus ­

trated in Fig . 2 where the simulated gamma-ray beam image i s super­

imposed on the {surface of the detector. The density of the beam's image 

var ies over Hie exposed a r ea in the X- and Z- directions. The variation 

in the Z-directkm v/as represented by a Gaussian function as discussed 

previously. 

If the detector ' s surface response function were uniform over the 

en t i re detector ' s surface, the fact that only a smal l a rea (18% of the tota l 

a r e a ) of the detector ' s surface was exposed to the gamma-ray beam would 

be insignificant. However, the surface response functions vary signifi­

cantly with gamma photon energy a s well a s with the relat ive surface posi -
• 7 

t ions. The relat ive efficiency for a specific gamma photon energy can vary 
by a factor of 3.2 due to changes in the depth of the intr insic region of the 
coaxial Ge(Li) detector. The relat ive surface response function for the 

137 661. 6 keV gamma-ray energy ( C s ) i s presented in F ig . 3 as an i somet r ic 
projection to i l lust ra te the relative magnitude of the variat ions over the 

de tec tor ' s surface. The surface response function was measured exper i ­

mentally using a precisely collimated gamma-ray beam from International 

Atomic Energy Agency (IAEA) certified sources . 
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When! the variations in the gamma-ray efficiency as a function of sur­
face position are combined with the nonuniform gamma-ray beam, the precise 
alignment of the collimated gamma-ray beam with respact to the detector's 
surface becomes one of the most critical steps in the entire calibration 
procedure. Any variation of the gauima-riy beam's position on the detector*s 
surface can seriously distort the total response function for the specific 
source. Therefore, the detection assembly is mounted on a mechanism to 
allow the precise positioning within ±0.25 mm. 

Up to this point we have considered the scanning mechanism, the 
collimation assembly, and the detector's response functions, but have not 
considered the gamma-ray source and the factors influencing its gamma-ray 
strengih. A computer program was developed to simulate any fuel pin arrange­
ment that might be examined. The code randomly selects a specified number 
of source points in the three-dimensional volume segment of the fuel pin 
defined by the effective collimatlng slits. The attenuation effects of the fuel 

material, thermal bonding, cladding material, and structural material and 
subtended solid angle are considered to determine the fraction of each source 
point's activity impinging the exposed surface of the detector. The surface 
response functions determined above are used to calculate the absorption 
efficiency of the gamma photon to measure the total response for the specific 
source point. This calculation is performed for all of the specified source 
points and the results appropriately weighted to determine the total response 
functions for the volume segment, which can be related to the total number of 
that particular isotope. 

The basic factors to be considered in the source are the attenuating 
materials and densities, spatial location of materials, and the radial isotopic 
distributions of the fission products. Differences in the radial isotopic 
distributions can result in significant errors for certain isotopes. It is 
necessary, therefore, to determine the radial isotopic distributions prior 
to the quantitative determination by scanning the fuel pin diametrally at two 

Q 

or more angular orientations. The diametral distributions are unfolded 
using bi-cubic spline functions for interpolation, resulting in the two-dimen­
sional radial distributions for each specified isotope. 
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The total response function for a particular isotope i s dependent on: 

the fuel mater ia l , cladding mater ia ls , source geometry factors , and radia l 

distribution for the specific i rradiated fuel pin as well a s the effective colli-

mating slit a rea and the detector 's surface response function.** These factors 

were calculated for a set of three (U, Pu)C fuel segments and a set of th ree 

UO„, PuO 'fuel segments for determining the precision .of this unique non­

destructive method. | 

DISCUSSION AND RESULTS 

Three sections, 12 mm long and about 6 mm in diameter of i r radiated 

(U, Pu)C fuel pins with burnups of approximately 9.5 at . % were nondestruc-

tively gamma scanned to determine the quantities of Ru- Rh, Cs , 
144 144 

and Ce- P r . Following this examination the th ree sections were 

dissolved and analyzed using well-proven radiochemical methods. The 

comparison of the nondestructive gamma scanning re su l t s with the 

destructive radiochemical resul ts a re presented in Table III. The absolute 

average deviation for a l l three fission products was 3.2% for the three 

(U, Pu)C sect ions. 
Three i rradiated U0„-PuO o fuel sections 12~mm long, 5.6 mm 

• „• . i . ., , - , , 106„ 106 n . 137„ 144„ 
in d iameter were s imilar ly examined for Ru- Rh, Cs, C e -
144 95 

Pr , and; Z r to determine the applicability of this nondestructive 

technique to oxide fuels. The resul ts for these four fission products in 

the three UQ2-PuO„ fuel sections a re presented in Table IV. 
* *""" I f t c 1 ft ft 

The jiecond Ru- Rh resul t of the gamma scanning data 
. . . . i f f ] 

(1.34 ± 0.03 x 10 i O atoms)! was significantly different (40.1%) from the 
corresponding radiochemical resul t (9.55 ± 0.12 x 10 iatoms)'r This f 

difference is substantially above that associated with possible stat is t ical 

var iat ions. This part icular fuel section was scanned diametral ly at two 

different angular orientations to determine the radial isotopic distributions 

of the fission products. The radial distribution of Ru- Rh indicated 
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that a significant amount (about 20% of the total activity) of the isotope was 

deposited around the centra l void of the oxide fuel probably in the form of 

metall ic ingots. It is quite possible that the Ru- Rh was dislodged 

and lost during the removal of the sample from the scanning container or 

during the t ransfer to the dissolution container. The rela t ive full-energy 

peak activities were checked to determine the relative activities of the 

662 keV 1 0 6 R u - 1 0 6 Rh peak with respect to the 661. 6 keV 1 3 7 C s and 695 keV 

Ce- P r gamma-ray peaks. The relative activities indicated that about 

25% of the Ru- Rh activity was physically lost p r io r to the radiochemical 

analysis . The possible loss of sample mater ia l is eliminated v/hen nondestruc­

tive gamma scanning is used to examine the sample. The sample 's integrity 

i s maintained allowing the sample to be re-analyzed to check the resu l t s if 

necessa ry . 

The 1 0 6 R u - 1 0 6 Rh, 1 3 7 C s , and 1 4 4 C e - 1 4 4 P r gamma scanning resul ts 

compare very well with the radiochemical resul ts with average differences of 
95 4. 3%, 4. 0%, and 2. 9%, respectively. The Zr resu l t s show a constant bias 

of about 9.3%, with the gamma scanning resu l t s being lower than the radio-
137 

chemical r e su l t s . The surface response function for the 661. 6 keV Cs 

isotope was used to represen t the response functions for al l four isotopes: 

622 keV 1 0 6 R u - 1 0 6 Rh, 661. 6 keV 1 3 7 C s , 695 keV 1 4 4 C c - 1 4 4 P r , and 724 

keV Zr . The 661. 6 keV surface response function was interpolated for 

each of the other gamma-ray energies by considering the appropriate l inear 

absorption coefficients. This method of interpolation was satisfactory for the 

gamma-ray energies close to the start ing energy of 661. 6 keV, in par t icular , 

622 keV 1 0 6 R u - 1 0 6 R h and 695 keV 1 4 4 C e - 1 4 4 P r . However, as the energy 
difference increases a more refined method of interpolation may be required. 

The fraction of gamma photons absorbed in the germanium by Compton sca t ­

ter ing increases while the absorption due to photoelectric interaction decreases 

as the energy of the photon increases . 
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The best method for determining the surface response function for a 

specific gamma-ray energy would be to determine experimentally the function 

using a precisely collimated gamma-ray beam. We have determined the 

surface response functions for-the detector over the energy range of 60-1800 

keV by using IAEA certified sources: 59. 6 keV ( Am), 122 and 136.3 keV 

(5 7Co), 511 keV (2 2Na), 661. 6 keV ( 1 3 7 Cs) , 834. 5 keV (5 4Mn), 898keV( 8 8 Y), 

1173.2 and 1332.5 keV (6°Co), and 1836.1 keV (88Y). 4 

The examination of each of the above 12-mm fuel sections required i 

about 2 man-days for the gamma scanning and data analysis . To examine 

a complete fuel pin with a 350-mm fuel column would requ i re about 7 man-

days . Comparable destructive analysis of the fuel pin including: sectioning 

in 12-mm segments, complete dissolution of the fuel and cladding mate r ia l , 

and the radiochemical analysis of the samples, would requ i re about 40 m a n -

days . The destructive analysis still would not resul t in the spatial d i s ­

crimination (0.5 mm) which i s routinely provided by the gamma scanning 

technique. 

There a r e severa l obvious applications of this technique for quantitative 

determination of fission products within the fuel mater ia l . F o r example, the 
1^7 burnup can be determined at any axial position using the total Cs in the 

fuel sect ions. This was done on three (U, Pu) C sections. The relative 

burnup values (Table V) agree very well between the two methods, gamma 

scanning and mass spectrometry, as indicated by the normalized values. 

This nondestructive method is not as precise as the mass spectrometr ic 

technique, but the gamma scanning technique allows the determination of burn-

up during an interim examination without disturbing the fuel pin's integrity. 

The quantitiative measurement of volatile fission products would permi t 
134 the determination of absolute mass t ransfer mechanisms. Often t imes Cs 

137 and Cs migrates axially in UOg-PuOg fuel pins, depositing in in te r - _ j 

pellet gaps at the insulator-fuel interface, or on s t ructura l mater ial . This 

gamma scanning technique would provide the necessary information as to the 

quantities of Cs and Cs deposited at any specific location. This would 

especially be important for investigating the effect of possible cladding attack 

by the cesium isotopes as a function of cesium concentration. 
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CONCLUSIONS 

The quantitative determination of fission products within irradiated 

(U, Pu)C and UO„-PuO a fuel pins has been i l lustrated without the1 requirement 

of using i r radiated s tandards . The gamma scanning system was extensively 

calibrated: the scanning mechanism for the prec ise positioning of the fuel 

pin, the effective collimating slit for defining the volume segment of the fuel 

pin, the surface response functions of the detection assembly, and the total 

response functions of various simulated sources . T s quantitative determina­

tions of the th ree fission products 1 0 6 Ru- 1 0 6 R h , 1 3 7 C s , and 1 4 4 C e - 1 4 4 P r in 

th ree carbide and three oxide fuel sections were accomplished with precisions 

of 3.2% and 4 .3% for the carbide and oxide samples , respectively. The 
95 quantitative determination of Z r in the three U0 2 -PuO„ sections showed \ 

a negative bias of 9.3% which may be related to the method of interpolation of 

the surface response functions;. 
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TABLE I 

Calculated Widths of Theoretical Slits 

Theoret ica l 
__Slit Width 

0.508 mm (0.0200 in . ) 

0.533 mm (0.0210 in J 

0. 546 mm (0. 0215 in. ) 

0.559 mm (0.0220 in . ) 

0.572 mm (0.0225 in . ) 

0.584 mm (0.0230 in . ) 

0.610 mm (0.0240 in . ) 

Theoret ical Width 
at Detector 's Surface 

8.380 mm 

8. 470 mm 

8. 730 mm 

9. 385 mm 

9. 505 mm 

10.075 mm 

11,050 mm 

Leas t Squares 
Width3" 

8.297 mm 

8. 598 mm 

8. 848 mm 

9.164 mm 

9. 546 mm 

9. 995 mm 

11.090 mm 

a T h e leas t squares values v/ere obtained from an unweighted polynomial 
2 

(A -!- B< + Cx ) fit of the theoretical width values. 
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TABLE n 

Experimental Widths of the Coll imator 's Image at the 
Surface of the Detector 

Experimental Experimental Width at 
Measurement Detector 's Surface, mm 

No. 1 

No. 2 

No. 3 

Average 9.16 ± 0.13 

9. 

8. 

9. 

19 

99 

31 

- 13 



I 
I-" 

TABLE III 

Gamma Scanning and Radiochemical Quantitative Results for Three (U, Pu) Carbide Sections 

a, b 
Isotope 

106 Ru- 106 Rh 

137 Cs 

1 4 4 C e - 1 4 4 P r 

Gamma Scanning 

(Atoms)'0'' 

1.74 ± 0 . 0 4 x 10 

2.08 ± 0.04 x 10 

1.69 + 0.03 x 10 

18 

18 

18 

5.27 ± 0.06 x 10 

6.12 ± 0.06 x 10 

4.89 ± 0 . 0 6 x 10 

19 

19 

19 

4.66 ± 0 . 0 8 x 10 

5.76 ± 0.08 x 10 

4.58 ± 0 . 0 8 x 10 

18 

18 

18 

Radiochemical3, 

(Atoms)0 ' 

1.80 ± 0 . 0 5 x 10 

2.13 ± 0 . 0 4 x 10J 

1.76 ± 0 . 0 6 x 10 

18 

18 

5.40 ± 0 . 0 6 x 10 

5.80 ± 0.06 x 10 

4.97 ± 0 . 0 6 x 10 

19 

19 

19 

4.78 ±0 .09 x 10 

5.45 ± 0.08 x 10 

4.58 ± 0 . 0 8 x 10 

18 

18 

18 

Diff erenc e 

3 . 1 % 

2 . 6 % 

3.6 % 

Average 3.1 % 

2.5 % 

5 .5% 

I ; B % 
Average 3 .2% 

2.5 % 

5.8 % 

0.0 % 

Average 2 . 8 % 

The ± value associated with each measurement represents the deviation due to the counting stat is t ics . 

Approximately 25 complete gamma-ray spectra were used to obtain the gamma scan data. 

The number of atoms was computed using the appropriate half-lives and branching ra t ios . 
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TABLE IV 

Gamma Scanning and Radiochemical Quantitative Results for Three U02-

Isotope 

1 0 G Ru- 1 0 6 Rh 

137 Cs 

1 4 4 C e - 1 4 4 P r 

95 Zr 

Gamma Scanning a> 

(Atoms)0 

1.17 ± 0.03 x 10 

1.34 ± 0.03 x 10 

1.28 ± 0.03 x 10 

18 

18 

18 

3.50 ± 0.04 x 10 

5.68 ± 0.05 x 10 

4.17 ± 0 . 0 5 x 10 

19 

19 

19 

2.34 ± 0.06 x 1 0 J 

2 , 5 4 ± 0.08 x 10 

2.39 ± 0.08 x 10 

18 
18 

1.36 ± 0.10 x 10 
1.37 ± 0.07 x 10 

1.28 ± Q.08x 10 

16 

16 

16 

Radiochemical' 

(Atoms) 0 

PuOg Oxide Sections 

Difference 

1.12 ± 0 . 0 3 x 10 

9.55 ± 0 . 1 2 x 10 

1.25 ± 0 . 0 2 x 10 

18 

,17 

18 

3.61 ± 0 , 0 4 x 10 

5.83 ± 0.05 x 10 

4.44 ± 0.05 x 10 

19 

19 

19 

2.40 ± 0 . 0 3 x 10 

2.45 ± 0.03 x 10 

2.44 ± 0.03 x 10 

18 

18 

18 

1.52 ± 0.03 x 10 

1.49 ± 0.03 x 10 

1.41 ± 0 . 0 3 x 10 

16 

16 

16 

5.0 % 

40.1 % (Reject) 

3 . 6 % 

Average 4.3 % 

Average 

Average 

3 . 1 % 

, 2 . 8 % 

6 . 0 % 

4. 0 % 

2 . 8 % 

3 . 9 % 

1 . 9 % 

2 .9 % 

10. 8 % 

8 . 0 % 

• 9 . 1 % 

Average 9.3 % 

a The ± value associated with each measurement represents the deviation due to the counting stat ist ics. 

Approximately 25 complete gamma-ray spectra were used to obtain the gamma scan data. 

c The number of atoms was computed using the appropriate half-lives and branching rat ios . 



TABLE V 

137 Relative Burnup Values Determined Using Cs as the Fission Monitor 

. Gamma Scanning Mass Spectrometry 

Sample 

No, 1 

No. 2 

No. 3 

1 3 7 C s Atoms 

5.28 x l O 1 8 

6.12 x l O 1 9 

4.20 x l O 1 8 

Number ofa ' 
Fissions 

7 . 1 7 x i < T u 

20 
8.33 x 1<TU 

6.66 x l O 2 0 

Fissionable 
Atoms Present 

8.56 x l O 2 1 

10.31 x l O 2 1 

7.82 x l O 2 1 

Relative ' 
Burnup 

9.85 at. % 

9.51 at. % 

10.00 at. % 

Normal ized 0 

Values 

0.985 

0.951 

1.000 

• Normalized 
Values 

0.976 

0,952 

1.000 

A weighted fission yield of 6.26 % was used to calculate the number of fissions. 

The relative burnup is the calculated burnup at the time of measurement. The actual burnup values 
would be calculated from these values based on the specific decay time. An irradiation period of 
several years is required for reaching a burnup of 10.0 at. % and 1 3 7Cs has a half-life of 30 years, 
therefore absolute burnup values would be the Relative Burnup values times a decay time correction. 

c Normalised to the maximum value of 10.0 at. % determined by gamma scanning. 

Normalized to the maximum value of 9,84 at. % determined by mass spectrometry. 



FIGURE CAPTIONS 

Fig . 1 Block diagram of the LASL. gamma scanning sys tem. 

F ig . 2 Simulated gamma-ray beam image on the surface of the 
Ge(Li) detector located 1736. 6 mm from the source 

F ig . 3 The i sometr ic projection of the surface response function 
for the 661.6 keV gamma-ray energy. 
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Simulated Collimator Image on Detector's Surface 
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Surface Response Function for 661.6 keV Gamma-ray Energy 
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